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Abstract

To perform two-way satellite time transfer (TWSTT), participants use pseudo-random noise
(PRN) coded signals to measure the propagation delay from the other site and exchange their
measurements. When all participants transmit their PRNs at the same time, multiple access
interference (MAI) will exists. The MAI may cause the error in delay measurements, and may
even cause the diurnal effect when a geo-stationary satellite is in motion. We conduct numerical
simulations to investigate the relation between ground station parameters and the diurnal effect.
Our simulation results show that the diurnal effect is related to the PRN carrier frequency
offset and chip rate. It is also related to the signal bandwidth and the difference of MAI power.
We also find the possibility of diurnal effects is code-dependent and baseline-dependent.

INTRODUCTION

Currently, two-way satellite time transfer (TWSTT) provides a precise way to compare the atomic time
scales [1]. When performing TWSTT, all participations employ pseudo-random noise (PRN) signals to
access the satellite at the same time [2]. Then, participants exchange their time delay measurement data
for computing the time-scale differences. A conventional TWSTT with a chip rate of 1 Mcps (chips per
second) can provide an accuracy of 1 nanosecond at one day [3].

Based on the orthogonal property of PRN, a superposition of multi-PRN signals can be individually
discriminated. However, because PRNs are not absolutely orthogonal, any other superposed PRN may
cause errors in propagation delay measurement. The unwanted PRN is called “multiple access
interference” (MAI) [4].

Recent research exhibits that the performance of TWSTT is highly limited by the diurnal effect [5,6],
which is a time measurement error in diurnal variations. We suppose the MAI would be one of the key
factors that result in the diurnal effect when a satellite is in a slight motion. In this paper, we investigate
the time measurement error caused by the MAI via the method of numerical simulations. The relation
between MAI and the diurnal effect is also discussed.
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ORTHOGONALITY OF PRN

Assumingc, (t)andc, (t)are two PRN waveforms with the same period T and the number of linear
feedback shift register (LFSR), but generated from different primitive polynomials, they form an
orthogonal basis, {Cl(t),c2 (t)} [7]. If their orthogonality is perfect, the cross-correlation of ¢, (t) and

C, (t) can be expressed as
.
e(r) =] et (t-7)dt,

which must be zero for all 7. However, g(r) does not always equal to zero, because PRN-formed
orthogonal basis is not perfect.

Measurement of propagation delays can be realized by using the PRN signals. In such delay
measurements, the method of delay-locked loop (DLL) is widely used in hardware configuration [7,8].
Figure 1 illustrates a delay measurement by using PRN signals. When a PRN travels from a transmitter
(TX) to another receiver (RX), an S-curve is generated by the DLL of the receiver. The propagation delay
can be measured by finding the zero-crossing of the S-curve. Because PRNSs are not absolutely orthogonal
[9, 10], any other injected PRN will cause an error in delay measurement, as illustrated in Figure 2.
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Figure 1. llustration of delay measurement by using PRN. The DLL is employed to
measure the delay by finding the zero-crossing of S-curve within the dashed circle.
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Figure 2. A bias occurred in measured propagation delay when the other PRN is injected.

MAI ON PRN-BASED TWSTT AND THE DIURNAL EFFECT

The PRN codes are now employed for the operational use of TWSTT [2]. Because PRNs have the
orthogonal property, participants with different PRNs can conduct TWSTT using the code-division
multiple access (CDMA) configuration. TWSTT participants use a geo-stationary satellite as a
communication medium, and measure the time delay of signals from any other sites. By the two-way
method, they can get clock difference by exchanging their time delay measurement data.
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Figure 3 shows a TWSTT experiment with only one satellite transponder. When conducting TWSTT,
participants receive not only desired PRN, but also the unwanted one. A bias in time delay measurement
may be caused by unwanted PRNSs, called as multiple access interference (MAI). For example, if two
participants perform TWSTT, both can get superposition of their PRNs. Their own round-trip PRN
becomes the MAI and may lead to a bias in time delay measurement.

ab

Figure 3. MAI in TWSTT. Participants transmit their PRNs at the same time, and they
will also receive MAI (not to scale).

In fact, a geo-stationary satellite is in slight motion to hold itself in a geo-stationary orbit. Therefore, the
real orbit and the geo-stationary orbit are slightly different. From the ephemeris data [11], the difference
of the real orbit and the geo-stationary orbit displays a daily cycle. MAI may lead to a bias in propagation
delay measurement, and the bias may change along with the moving satellite, as shown in Figure 4.
Accordingly, we suppose MAI is one of the sources causing the diurnal effect when the geo-stationary
satellite is in motion. The following simulations will verify the relationship between the MAI and the
diurnal effect.
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Figure 4. MAI variations along with the moving satellite (not to scale).

NUMERICAL SIMULATION

To conduct the simulation, we need to set parameters such as propagation delay, PRN number, chip rate,
and so on. We refer to the Asia-Pacific TWSTT network and pick two participants, TL and NICT, with
their Earth-Centered, Earth-Fixed (ECEF) coordinates. Besides, 1S-8 satellite had been treated as the
communication medium until Modified Julian Day (MJD) 55651, and the ephemeris is publically
available on the Intelsat official website [11]. We use the ephemeris form MJD 55638 to MJD 55646.
With those ECEF coordinates, we can get the propagation delay along the TL — 1S-8 — NICT path. Other
ground station parameters are listed in Table 1.

Table 1. Ground station parameters for numerical simulation.

Virtual TL* (Site A)

Virtual NICT* (Site B)

PRN number**

PRN #1

PRN #3

Chip Rate 204.6 kecps 204.6 keps
Carrier Frequency 70 MHz 70 MHz
Signal Bandwidth 409.2 kHz 409.2 kHz

*ECEF coordinates are available from TWSTT daily reports on the BIPM FTP site [12].

**PRN table is available from [13].
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Numerical simulations generate signal waveform with MAI, and measure the propagation delay from site
Ato site B, and vice versa. The following procedures 1-4 describe how to generate signal waveforms and
measure the propagation delay from site B to site A, and the conceptual representation is shown in Figure
5.

1. To obtain the one-way propagation delay from site B to site A, we first get the uplink (U/L) delay
calculated by the distance between site B and satellite and divided by the speed of light. In the same way,
we calculate the downlink (D/L) delay by the distance between the satellite and site A. Then, the one-way
propagation delay from site B to site A is the sum of U/L and D/L delays.

2. To get the round-trip delay at site A, we calculate the ranging delay according to the distance between
site A and the satellite. The round-trip delay at site A is double its ranging delay.

3. To generate the received waveform with MAI at site A, we add two signal waveforms from site A and
site B. The signal waveform from site A is PRN, with the time shift equal to the round-trip delay,
modulated by a carrier frequency fa. And the signal waveform from site B’s TX is PRNg with the time
shift equal to the one-way propagation delay, modulated by a carrier frequency fz.

4. To measure the propagation delay from site B to site A, the received signal waveform is first
demodulated by the carrier frequency fg, and then correlated with a non-delayed PRNg by using a DLL.
The propagation delay measurement, dtg , becomes the output from DLL.

By similar procedures, we can also measure the propagation delay, dt,g, from site A to B. Therefore, the
time-scale difference can be computed by (dtg o — dtag) / 2.

PRN, W W . w_ PRN,
uiL DIL delav Hé—’ DLL [ dtns

Site A, TX Site A, RX

Site B, TX Site B, RX

0 uiL D/L delay —’§>—' DLL [ dian

PRN. M 5 W 5.

PRNa

Figure 5. Simulation strategy. Site A measures the propagation delay dtg o from site B,
while site B measures the propagation delay dt, g from site A; (dtg s — dtag) / 2 gives the
time-scale difference between site A and site B.

In the following simulation cases, we use different parameter settings for each site. Each case shows
time-scale differences changing with date. If the resulting curve is horizontal, then there is no error.
Otherwise, there is a measurement error in time-scale differences caused by MAI. We further discuss how
much MAI would affect time-scale differences, and focus on the diurnal effect.
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CARRIER FREQUENCY OFFSET
In this case, we set carrier frequency offsets, which are 0 Hz, 1 kHz and 10 kHz, to conduct the TWSTT

simulation. The resulting data are drawn in Figure 6. The plot displays that as the offset increases, the
diurnal effect will be reduced.
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Figure 6. Time-scale difference with different carrier frequency offsets.

CHIP RATE

In this case, we set chip rates 102.3 kcps, 204.6 keps and 511.5 keps, to conduct the TWSTT simulation.
The resulting data are drawn in Figure 7. As the chip rate increases, the diurnal effect will be reduced.
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Figure 7. Time-scale difference by using different chip rates.
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SIGNAL BANDWIDTH

In this case, we set signal bandwidths 204.6 kHz, 818.4 kHz and unlimited bandwidth, to conduct the
TWSTT simulation. The resulting data are drawn in Figure 8. As the bandwidth increases, the diurnal

effect will be reduced.
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Figure 8. Time-scale difference by using different signal bandwidths.

MAI POWER DIFFERENCE

In this case, we set transmit power differences 0 dB, 3 dB and 10 dB, to conduct the TWSTT simulation.
The resulting data are drawn in Figure 9. As the power levels are balanced, the diurnal effect will be

reduced.
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Figure 9. Time-scale difference with different transmit power difference.
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PRN PAIR

In this case, we set PRN pairs (#1, #3), (#1, #4) and (#1, #7), to conduct the TWSTT simulations. The
resulting data are drawn in Figure 10. We find that the diurnal effect is significant in the case of (#1, #3)
and (#1, #4). Even if we do not change anything except the PRN pair, the diurnal is invisible when using
(#1, #7). This simulation indicates the diurnal effect is code-dependent.
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Figure 10. Time-scale difference by using different PRN pairs.
BASELINE

In this case, we set pairs of participants TL-TL, TL-TL2, TL-NICT and TL-NTSC, to conduct the
TWSTT simulations. The related ECEF coordinates can be found TWSTT daily reports on the BIPM FTP
site [12]. Each pair of participants uses all of the PRN pairs from PRN#1 to PRN#37, so there are 1332
combinations. Concerning the peak-to-peak time-scale differences within a day, we use the averaged one,
listed in Table 2. In Table 2, we find the error in time-scale difference is reduced when the participants get
closer. This simulation indicates the diurnal effect is baseline-dependent.

Table 2. Time-scale difference between virtual TL and remote stations.

Remote Station Baseline (km) Peak-to-peak time-scale difference (ns)
Virtual TL 0 1.917

Virtual TL2* 276 25.532

Virtual NTSC** 1551 50.693

Virtual NICT 2112 102.072

*TL2 is a dummy site.
**ECEF coordinates are available from TWSTT daily reports on the BIPM FTP site [12].
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NUMBER OF PARTICIPANTS

In this case, we set numbers of participants to be 2, 3 and 4, to conduct the TWSTT simulations. The
resulting data are drawn in Figure 11. This simulation indicates the diurnal effect becomes more
pronounced when the number of participants increases.
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Figure 11. Time-scale difference between virtual TL and NICT, with different numbers of
participants.

CONCLUSION

We have conducted simulations to investigate the relation between MAI and the diurnal effect on
PRN-based TWSTT system. Our results demonstrate the amplitude of the diurnal effect strongly depends
on different carrier frequency offsets, chip rates, bandwidths and transmit powers. We also found the
present of the diurnal effect is probably code-dependent and baseline-dependent. Since the MAI from
other participants may lead to the diurnal effect, we should pay attention to reducing its error in the
TWSTT system.
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